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Transition metal oxide micro-/nanostructures demonstrate high potential applications in energy storage
devices. Here, we report a facile synthesis of highly homogeneous oxide composites with porous
structure via a coordination polymer precursor, which was prepared with the assistance of tartaric acid.
The typical product, Fe-Mn-O composite was demonstrated here. The obtained Fe-Mn-O product was
systemically characterized by X-ray powder diffraction, scanning electron microscopy, transmission
electron microscopy, elemental mapping analysis, and X-ray photoelectron spectroscopy. It was de-
monstrated that the Fe-Mn-O nanocomposite shows interconnected porous structure, in which iron,
manganese, and oxygen are uniformly distributed. In addition, the Fe-Mn-O nanocomposite was then
fabricated as capacitor electrodes. Operating in an aqueous neutral solution, the Fe-Mn-O composite
electrodes showed an wide working potential window from 0.2 to 1.0 V (vs. SCE), and a speciﬁc ca-
pacitance of 86.7 Fg1 or 0.4 Fcm2 at a constant current density of 1 Ag1 with good cycle life. This
study offers a new precursor approach to prepare porous metal oxide composites, which would be ap-
plied in energy-storage/conversion devices, catalysts, sensors, and so on.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In recent years, the electro-chemical energy storage and
conversion devices have got rapid development due to the ever
increasing demand for portable electronic equipment, and elec-
tric or hybrid electric vehicles. As a new class of energy storage
devices, pseudocapacitors (SCs) have attracted much attention
for their high power density, long cycle life, fast charging/dis-
charging rate, and high reliability [1–5]. They can temporarily
store a large amount of charges and then release them when
necessary. Up to now, various carbonaceous materials [6–8],
metal oxides [9–12], sulﬁdes [13–15], hydroxides [16–18], and
conducting polymers [19–21] have been prepared via various
routes; many of them have been fabricated as capacitor electro-
des and were invesitgated. Carbonaceous materials usually have
long cycle stability and high power density. Nevertheless, they
suffer from low energy density [22,23]. By contrast, metal oxides
and metal hydroxides enable much higher speciﬁc capacitancey. Production and hosting by Elsev
,
als Research Society.value and energy density due to their reversible multielectron
redox faradic reaction [24,25]. However, due to the slow diffusion
of ions within these electrodes, they show relatively low power
density, which limits their potential wide applications. These
trade-offs have inspired attempts to develop electrode materials
with porous structure. Porous structures can provide rich ac-
cessible surface for the faradic reaction, thus, they are highly
desired for capacitor electrode materials.
Among the various supercapacitive materials, binary metal
oxides (such as NiCo2O4 [26], NiMoO4 [27], and Zn2SnO4 [28]) have
been reported to demonstrate better performance than the cor-
responding single components due to their feasible oxidation
states and usual higher electrical conductivity. Manganese oxides
and iron oxides are the two most widely investigated pseudoca-
pacitive materials because of their superior performance com-
pared with that of conventional carbon-based materials. Moreover,
the low cost, nontoxic, good stability, and environmentally friendly
nature of manganese oxides and iron oxides coupled with their
high redox activity make them be suitable for extensive applica-
tions in SCs [29,30]. However, up to date, the reported speciﬁc
capacitance values of manganese oxide and iron oxide electrodes
are still far below their theoretical values as they both suffer from
poor electrical conductivity [31,32]. Very recently, various Mn- andier B.V. This is an open access article under the CC BY-NC-ND license
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layered double hydroxide/carbon nanotubes [33], (Co, Mn)3O4
nanowires [34], and Fe-Ni/Fe2O3-NiO core/shell hybrid nanos-
tructures [35] have been fabricated and demonstrated enhanced
electrochemical performance. So, binary or ternary composites of
transition-metal oxides with improved capacity values and com-
prehensive excellent performance for electrochemical capacitors
have attracted much attention.
Here, we presented a simple, cost-effective and industry com-
patible strategy for the preparation of Fe-Mn-O composites with
uniform composition distribution by a precursor route. First, the
submicro-spherical precursor composed of Fe and Mn composition
was prepared with the assistance of tartaric acid. The following
calcination of the precursor in air produced porous Fe-Mn-O
composite. The Fe-Mn-O nanocomposites show interconnected
porous network-like structure, in which iron, manganese, and
oxygen are uniformly distributed in the composite. Especially, the
route to porous Fe-Mn-O composite can also be extended to other
composition oxide such as Zn-Cu-O. The highly porous structure,
which allows easy penetration of the electrolyte, would show
enhanced properties for charge storage. Detail electrochemical
characterizations reveal that the Fe-Mn-O nanocomposites exhibit
an extended working voltage to 1.2 V with good cycle life. This
work provides a promising approach for designing new transition-
metal oxide composites, which can potentially be applied in en-
ergy-storage/conversion devices.Fig. 1. XRD patterns of the products prepared with different Fe/Mn molar ratios.
For comparison, the standard XRD patterns of Fe2O3 (JCPDS no. 33-0664) and
Mn2O3 (JCPDS No. 24-0508) are also shown.2. Experimental section
2.1. Preparation of Fe-Mn-O nanocomposites
All reagents are of analytical grade and used as purchased
without further puriﬁcation. In a typical synthesis, 0.1 g of
Fe(NO3)3 9H2O and 0.24 g of Mn(Ac)2 4 H2O (with Fe/Mn molar
ratio of 1:4) were ﬁrstly dissolved in 10 mL of distilled water to
form a clear solution under magnetic stirring at room tempera-
ture. The solution was then added in 15 mL of 0.5 M tartaric acid
ethanol solution. Upon the addition of tartaric acid solution, light
orange precipitates formed immediately. The reaction mixture was
then kept under stirring for at least 1 h. After that, the obtained
coordination polymer product was collected by centrifugation,
repeatedly washed with distilled water and ethanol for several
times, and then dried in vacuum at 45 °C for 24 h.
For transferring the coordination polymer precursor to oxide
products, the precursor was annealed in air at 500 °C for 30 min
The obtained oxide was denoted as Fe-Mn-O-1. For comparison,
the composites with different Fe/Mn molar ratios (2:3, 3:2, 4:1)
were prepared. The corresponding samples were denoted as Fe-
Mn-O-2, Fe-Mn-O-3, and Fe-Mn-O-4, respectively. Fe2O3 and
manganese oxide products were also prepared with the same
process as that of Fe-Mn-O-1 by adding only one metal salt.
2.2. Characterization
The crystalline structure of the samples were detected by X-ray
diffraction (XRD, Bruker D-8 Advance) using an X-ray diffractometer
with Cu Kα radiation (λ¼1.5418 Å). The size and morphology of the
products were observed with a scanning electron microscope (SEM,
S-4800, Hitachi) and a transmission electron microscope (TEM,
JEOL, JEM-2100). The valence of the elements in the sample was
detected by X-ray photoelectron spectroscopy (XPS, Thermo ESCA-
LAB 250) with AlKα (hv¼1486.6 eV) as the X-ray radiation source.2.3. Electrochemical measurements
Cyclic voltammetry and galvanostatic charge/discharge mea-
surements were conducted in a three-electrode system using a CHI
760D electrochemical work station (Shanghai, Chenghua Co.) with
1 M of Na2SO4 as the electrolyte solution. The working electrodes
were fabricated with Fe-Mn-O nanocomposites. Typically, the Fe-
Mn-O nanocomposite, acetylene black, and polyvinylidene ﬂuoride
(PVDF) with a weight ratio of 80:10:10 were mixed. The prepared
mixture was then pressed onto nickel foam piece to form an elec-
trode. A platinum foil and a saturated calomel electrode (SCE) were
used as counter and reference electrodes, respectively. Before
measurements, the working electrodes were ﬁrstly impregnated
with the electrolyte for 2 h to let them thoroughly wet. Cyclic vol-
tammetry measurement was recorded between 0.2 and 1.0 V
with sweep rates from 5 to 40 mV s1. Galvanostatic charge/dis-
charge cycling measurement was also performed in the 0.2 to
1.0 V range at current densities of 0.2–5 Ag1. The mass loading
density of the active material in the electrodewas about 2 mg cm2.3. Results and discussion
The porous Fe-Mn-O composite materials were synthesized by
annealing the corresponding coordination polymer precursors
containing Fe and Mn species, which were synthesized from the
reaction between Fe and Mn ions and chelating agent (see Section
2 for details). During the following calcination process in air,
porous oxide products were obtained with the slow removing of
organic composition. Structural information and phase identiﬁca-
tion of the samples were macroscopically detected from XRD
patterns. The XRD patterns of the products obtained with different
Fe/Mn molar ratios are shown in Fig. 1. The oxide product obtained
with only Fe ions shows diffraction peaks well indexed to Fe2O3
(JCPDS Card no. 33-0664). In contrast, the product obtained with
only Mn ions shows the mixture diffraction peaks of Mn2O3 (JCPDS
Card no. 24-0508) and Mn3O4 (JCPDS Card no. 24-0734). As for the
Fe-Mn-O composites, if higher content iron is involved, strong and
sharp diffraction peaks similar to that of Fe2O3 are observed. With
higher content of Mn, weak and wide diffraction peaks are shown,
suggesting that weak crystallined oxide composites are obtained
with higher content of Mn. With the increasing of Fe content, the
crystallinity of the products increases.
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ferent Fe/Mn ratios show similar morphology. Typical morphology
of the as-prepared Fe-Mn-O nanocomposites is shown in Fig. 2a
and b. It can be seen that the Fe-Mn-O nanocomposites are com-
posed of irregular spherical particles. The particles with size in the
range of 80–160 nm are interconnected. For further analyzing the
microstructure of the Fe-Mn-O nanocomposites, TEM observation
was conducted, which clearly demonstrates the porous structure
(Fig. 2c). Fig. 2c and d show the typical TEM images of Fe-Mn-O-3
nanocomposite. Porous structure with pore size in the range of 3–
15 nm is clearly observed. High resolution TEM image shown in
Fig. 2d provides clear crystal fringes. The fringe spacing was de-
termined to be 0.216 nm, corresponding to (113) crystal planes ofFig. 2. (a, b) SEM, (c) TEM, and (d) HRTEM images of t
Fig. 3. (a) N2 adsorption-desorption isotherm of the obtained Fe-Mn-OFe2O3. Selected-area electron diffraction pattern of the composite
shows clear diffraction ring but not diffraction dot matrix, in-
dicating the polycrystalline characteristic of the Fe-Mn-O nano-
composite. However, due to the similar crystal plane spacing be-
tween Fe2O3 and MnOx, the diffraction ring cannot be accurately
indexed. The above results suggest the crystallined Fe2O3 in the
composite, while, Mn species would exist in the presence of weak
crystallined oxide or doped in Fe2O3 lattice.
To further conﬁrm the porous feature of the Fe-Mn-O product,
we then performed nitrogen adsorption and desorption mea-
surement. The nitrogen adsorption and desorption isotherm curve
as well as the pore size distribution of the Fe-Mn-O product are
shown in Fig. 3. It can be seen that the N2 adsorption quantityhe typical Fe-Mn-O nanocomposites (Fe-Mn-O-1).
-1 product. (b) BJH pore size distribution curve of the Fe-Mn-O-1.
Fig. 4. Elemental mapping analysis of Fe-Mn-O-1.
Fig. 5. XPS spectra of the Fe-Mn-O-1 composite. (a) Survey scan, (b) Fe 2p region, and (c) Mn 2p region.
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the porous structure feature. The corresponding BET speciﬁc sur-
face area is calculated to be 72.7 m2/g. This value is much higher
than that of commercial oxide powder (usually o5 m2/g). Using
the BJH method the pore diameter distribution is obtained
(Fig. 3b). The main pore diameter locates at 3–10 nm. This agrees
well with the microscopy observation results.
To determine the element distribution of Fe, Mn, O in the
product, electron energy-loss spectroscopy elemental mapping
analysis was conducted. Fig. 4 shows the elemental mapping
images. It can be seen that iron, manganese and oxygen are evenly
distributed throughout the composite with no obvious phase
segregation. We speculated that since iron oxide and manganeseoxide had similar crystal structures, they tended to generate hy-
brid iron-manganese oxides in the composite. It is expected that
the homogeneous distribution of iron and manganese would in-
duce enhanced performance than that of single-component oxide.
X-ray photoelectron spectroscopy (XPS) measurement was also
performed to further study the composition and oxidation state of
Fe-Mn-O nanocomposites. The XPS survey spectrum collected
from the Fe-Mn-O composites conﬁrms the presence of Fe, Mn,
and O in the product (Fig. 5a). Fig. 5b presents the detailed Fe 2p
XPS spectrum of Fe-Mn-O composites. The Fe 2p3/2 and 2p1/2
peaks are centered at the binding energies of 710.4 and 723.7 eV,
which are the typical values for Fe3þ in Fe2O3 [36]. A satellite peak
of the main Fe 2p3/2 line located at 719.3 eV further indicates the
Fig. 6. (a, b) TEM images and (c) XRD pattern of the typical Cu-Zn-O nanocomposite.
Fig. 7. (a) CV curves for different samples under the same scanning rate of 40 mV s1. (b) CV curves for Fe-Mn-O-1 sample with scanning rates of 5, 10, 20, 40 mV s1.
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signal. It consists of two peaks, which can be attributed to the Mn
2p1/2 and Mn 2p3/2, respectively. The Mn 2p1/2 peak is centered at
652.4 eV, while Mn 2p3/2 peak can be further deconvoluted into
two peaks at 640.3 and 641.9 eV, which can be attributed to the
Mn2þ and Mn3þ species [37–40], respectively, indicating the
presence of mixed valence of manganese in the composite.
It seems that the precursor route to porous oxide composite
can also be extended to other oxide composition. We then tried
the preparation of porous Cu-Zn-O composite with similar process.
Although the composite shows sheet-like structure composed by
nanoparticles with size of 20–40 nm, porous feature is clearly
observed in the TEM images (Fig. 6a and b). The corresponding
XRD pattern demonstrates that the Cu-Zn-O product is composed
of crystallized CuO (JCPDS No. 65-2309) and ZnO (JCPDS No. 36-
1451). This result suggests that the precursor route to porous oxide
composite would be general and can be extended to other oxide
materials.4. Electrochemical performance
As for electrode materials, openly porous structure with a high
percentage of porosity will facilitate the penetration of electrolyte,
providing reduced contact resistance and enhanced mass/charge
transfer at the electrode/electrolyte interface, and thus contribut-
ing to improved capacitor performance. Moreover, the porous
structure will increase the utilization of active materials and can
accommodate volume changes during faradic reaction. Theperformance of porous Fe-Mn-O nanocomposites as super-
capacitor electrode was then investigated. It was found that the
charge storage performance of Fe-Mn-O nanocomposite is much
better than that of single-component oxides.
The electrochemical properties of Fe-Mn-O nanocomposites
were ﬁrstly investigated in 1 M Na2SO4 aqueous electrolyte with a
three-electrode system at room temperature. Fig. 7a shows the
cyclic voltammetry (CV) measurement results of Fe-Mn-O com-
posites, Fe2O3 and MnOx products in the potential range from
0.2 to 1.0 V at the scanning rate of 40 mV s1. The CV curves of
Fe-Mn-O composites exhibit relatively bigger squarenesses than
that of pristine Fe2O3 particles and manganese oxide particles,
indicating the larger capacitance values of Fe-Mn-O composites.
Furthermore, the ratio of Fe and Mn in the Fe-Mn-O composites
also affects their capacitive behavior. According to the integral
areas surrounded by CV curves, it can be qualitatively discerned
that the Fe-Mn-O-1 composite has the largest speciﬁc capacitance
among the tested Fe-Mn-O composites. While, there is only a
small difference for the Fe-Mn-O-1 and the Fe-Mn-O-2 products.
Furthering increasing the iron component, the obtained speciﬁc
capacitance values sharply decrease. This suggests that the charge
storage behavior in the composite is mainly contributed by Mn-
based species, while Fe-based composition may only serve as a
synergist. On the other hand, the crystallinity of the products may
also play an important role for the electrochemical behavior. As
shown by the XRD patterns, the Fe-Mn-O-1 and the Fe-Mn-O-2
products have relatively weak crystallinity; while, both of them
show relatively better electrochemical performance. It is believed
that the products with weak crystallinity may be favorable for
Fig. 8. (a) Galvanostatic charge-discharge curves at various current densities (0.2–5 Ag1) for Fe-Mn-O-1 sample. (b) The corresponding areal speciﬁc capacitance values at
various current densities. (c) Variation in the capacitance retention as function of the cycle number with current density of 5 Ag1.
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inducing enhanced electrochemical performance [18].
CV curves of Fe-Mn-O-1 electrode at different scan rates (5, 10,
20, 40 mV s1) in a 1.0 M Na2SO4 aqueous electrolyte are shown in
Fig. 7b. The results reveal that Fe-Mn-O-1 exhibit better electro-
chemical capacitance characteristic and superior reversible redox
reaction. It seems that the charge storage of the Fe-Mn-O composite
is contributed by electric double-layer contribution along with the
pseudocapacitive contribution. It is known that the electrochemical
performance is also highly inﬂuenced by the electrode assembled
process. It is believed that the electrochemical performance of the
Fe-Mn-O product can be further improved by optimizing the fab-
rication and measuring parameters.
Galvanostatic charging-discharging is a complementary method
for evaluating the electrochemical capacitors at constant current.
Fig. 8a shows galvanostatic charging-discharging curves of the Fe-
Mn-O-1 composite at different current densities with potential
windows ranging from 0.2 to 1.0 V in 1.0 M Na2SO4 aqueous
electrolyte solution. According to the discharging time, the speciﬁc
capacitance values are determined to be 125.2, 100.4, 86.7, 73.3 and
54.2 Fg1 at current densities of 0.2, 0.5, 1, 2, and 5 Ag1, respec-
tively. Considering that the areal capacitance data are more im-
portant for supercapacitors at practical applications [41], the areal
capacitance data are calculated at different current densities
(Fig. 8b). The areal capacitance for the Fe-Mn-O-1 was found to be
0.6 Fcm2 at a current density of 0.2 Ag1, and it retained 43.3% of
this value when the current density was increased into 5 Ag1.In addition to the initial capacitance value, the cyclic perfor-
mance is also critical for supercapacitor applications. The Fe-Mn-
O-1 electrode exhibits good cyclability after 1000 charge/dis-
charge cycles at 5 Ag1, it was found that the capacitance re-
tention was slightly over 100% (Fig. 8c). This is contrast to Mn3O4
electrodes, where there is a signiﬁcant degradation of the speciﬁc
capacitance after 400–1000 cycle tests [42,43]. It is possible that
the presence of weak crystallined -M-O-M-O-M- framework with
high porosity can enhance the stability of the electrode [12]. This
result conﬁrms that the Fe-Mn-O composites have a high elec-
trochemical reversibility. It is believed that the porous micro-
structure and synergy effect between MnOx and Fe2O3 in the
composite play signiﬁcant roles for the enhanced electro-
chemical behavior.5. Conclusion
In summary, a simple coordination polymer precursor route
followed by annealing process was developed for the fabrication of
porous oxide composite. Fe-Mn-O composite was demonstrated in
the study. The typical feature of the Fe-Mn-O composites is the
high porosity and the homogeneous composition distribution. The
route to porous oxide composite can also be extended to other
oxide compositions. CV and galvanostatic charging-discharging
measurements were performed to characterize these materials as
supercapacitor electrodes. In contrast to pristine manganese oxide
G. Zhu et al. / Progress in Natural Science: Materials International 26 (2016) 264–270270and Fe2O3, the Fe-Mn-O composite showed a relatively higher
capacitance value with outstanding cycling retention.Acknowledgements
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